Abstract In this paper, we study the characteristics of atmospheric-pressure pulsed dielectric barrier discharge (DBD) under the needle-plate electrode configuration using a one-dimensional self-consistent fluid model. The results show that, the DBDs driven by positive pulse, negative pulse and bipolar pulse possess different behaviors. Moreover, the two discharges appearing at the rising and the falling phases of per voltage pulse also have different discharge regimes. For the case of the positive pulse, the breakdown field is much lower than that of the negative pulse, and its propagation characteristic is different from the negative pulse DBD. When the DBD is driven by a bipolar pulse voltage, there exists the interaction between the positive and negative pulses, resulting in the decrease of the breakdown field of the negative pulse DBD and causing the change of the discharge behaviors. In addition, the effects of the discharge parameters on the behaviors of pulsed DBD in the needle-plate electrode configuration are also studied.
Introduction
Atmospheric-pressure dielectric barrier discharge (DBD) has received considerable attention since its inception due to their unique combination of non-thermal character and non-vacuum plasma operation, which are highly desirable for numerous industrial and biomedical applications. DBD is commonly driven by sine wave voltage. In the past few years, sine-excitation DBD has been extensively studied and a significant advance has been made in the basic understanding of their discharge behaviors and plasma dynamics [1−5] . Recently, there has been an increasing interest in atmospheric-pressure DBD excited by unipolar or bipolar pulsed high voltage. Some studies have been shown that compared to the sine-excitation DBD, pulse-excitation DBD tends to have low gas temperature, improved diffuse plasmas, high chemical reactivity, and high energy transfer efficiency [6−9] , which makes the pulsed DBD more efficient than sinusoidal DBD in many applications.
The pulsed DBDs at atmospheric-pressure are typically produced between two parallel-plate electrodes or in a needle-plate electrode configuration. Needle-plane discharge occurs in an extremely nonuniform electric field and operates commonly in a streamer or corona regime and it is easily transformed into a spark discharge. However, current studies showed that under certain conditions the pulsed DBD in the needleplane electrode system can operate in a diffuse glow mode [10−16] . In N 2 , Ar, He and air, such discharge has been realized in a wide parameter range. Diffuse glow discharges have immense advantages in many industrial applications and is a preferred discharge manner. At present, the investigations on diffuse pulsed DBD under the needle-plate electrode are mainly focused on experimental observation and measurement, which make some discharge characters difficult to be accessible. Thereby, the physical mechanism and the evolution process of this discharge, as well as the parameter dependence of the discharge behavior are still not understood completely. In this paper, we report on the simulation results of diffuse pulsed DBDs in the needle-plate electrode configuration driven by positive pulse, negative pulse and bipolar pulse voltages, respectively. Their discharge characteristics and behaviors are studied in detailed.
Model
The discharge considered in this paper is generated in the needle-plate electrodes configuration, and the plate electrode is covered by a dielectric thin layer. A pulsed voltage is applied across the two electrodes. The working gas is N 2 and gas pressure is 760 Torr. The ionization and excitation species included in the model are electrons, molecular ions N . For the related reaction processes, transport coefficient, and reaction rates see Ref. [17] .
To describe the needle-plate pulsed DBD accurately, a two-dimensional (2D) simulation is essential. However, due to the huge computation time as well as complex boundary conditions of needle-plate discharge, the fully 2D numerical simulation is difficult. An approximate two-dimensional model with the simplified simulation domain and boundary conditions is therefore used [18, 19] . In some studies, the 1.5-dimensional model [20, 21] , in which the densities of charged particles are described by one-dimensional (1D) continuity equations and the electric field is given by a quasi-2D "disks" method, as well as one-dimensional model [22, 23] are usually used to simulate the discharge behaviors along the gap axis. We are interested in only one dimension in this study, i.e. in the needle electrode pointing direction, and we define the dimension as the z axis. All physical quantities included in the model are considered to depend only on the axial coordinate z and on time. This implies that the physical quantities are unchanged in the direction perpendicular to that of the externally applied voltage. The densities of charged particles are described by the continuity equations:
where n, j and S are particle density, flux density and source term, respectively. The subscripts e, i, and m refer to the electron, ion, and metastable particle, respectively. Under the diffusion-drift approximation, flux density is given by the momentum equation
where µ is mobility, D is the diffusion coefficient and E is the electric field. The electric field results from two sources: the applied voltage and space charge. The external field, often named as the Laplacian field, along the z axis can be described as a function of the axial distance z from the tip [24] :
where r 0 , d g , and V a are, respectively, the radius of the needle tip, the spacing from the needle tip to the dielectric layer, and the applied voltage. The external electric field E L is a function of the applied voltage and the geometric configurations of electrodes, and does not vary with time. The space charge field E c varies with time and position, and is calculated by solving Poisson's equation:
where q is the elementary charge and ε 0 is the vacuum permittivity. The Dirichlet boundary condition is used at the needle electrode (z=0), and at the surface of the dielectric layer, the boundary condition is given by
where ϕ is the electric potential. ε is the permittivity of the dielectric layer.
The above fluid equations are solved numerically using the Scharfetter-Gummel scheme, and Poisson's equation is solved by the Fast Fourier Transformation (FFT) method.
3 Results and discussion 3.1 The discharge driven by positive pulse voltage
The discharge characteristics
A high positive pulsed voltage is applied to the needle electrode (located at z = d mm), and the plane electrode (located at z=0) is grounded. The radius of the needle pin is 0.05 cm. The thickness of the dielectric layer is 0.1 cm with the relative permittivity of 7.5. The waveform of the applied voltage is expressed using the formula given by Stewart and Lieberman [25] . Electron and ion densities are assumed to follow a Gaussian distribution in initial time. Fig. 1 shows the traces of the computationally obtained conduction current density and the applied pulse voltage with the rising and falling times of 50 ns, pulse duration of 2 µs, the amplitude of 8 kV, and a repetition frequency of 10 kHz. The discharge gap width is 0.3 cm. Similar to the parallelplate pulsed discharge, there exist two current pulses per single voltage pulse, the first appears at the pulse top and the second with opposite polarity is at the falling flank, which is induced by the charges accumulated on the dielectric surface during the first discharge. Fig. 2 gives the distribution of the electric field, electron density and ion density along the gap axis at different moments of the first discharge. During the initial stage of the discharge, the Laplacian electric field dominates. There is a strong field region near the needle anode resulting in the maximum electron and ion densities appearing in this region, see curve 1 in Fig. 2 . This implies a corona discharge is first formed near the needle electrode. With the increasing of ionization level, the discharge propagates toward the plate cathode rapidly and the electron and ion density peaks move toward the cathode. Due to the gradually strengthened spacecharge effect, the electric field is distorted gradually and when the discharge current reaches the maximum, the cathode fall with the high electric field as well as the negative glow where the field drops to almost zero is formed (see curve 7 in Fig. 2(c) ). Simultaneously, the positive column region of quasi-neutrality can also be identified from the curve 7 in Fig. 2(a) and (b) . These suggest that the first discharge illustrated in Fig. 1 operates in a glow mode. Fig.1 The waveforms of conduction current density (solid line) and the applied pulse voltage (dot line) in positive pulsed DBD Fig.2 The distribution of electron density, ion density and electric field along the gap axis in the first discharge at the moments of 1: 40 ns, 2: 200 ns, 3: 400 ns, 4: 410 ns, 5: 415 ns, 6: 418 ns, 7: 420 ns (the moment of current peak value), 8: 1385 ns. The needle anode is at z=2 mm Fig. 3 gives the spatial distribution of the electric field, electron density and ion density in the second discharge shown in Fig. 1 at different moments. The second discharge caused by accumulation charges possesses the opposite polarity and during this period the needle electrode becomes an instantaneous cathode. Different from the first discharge, it can be seen that the high electron and ion density regions are always located near the cathode. At the beginning of the discharge, the electric field close to the cathode is relatively weak, see curves 2 and 3, and thus the charged particle densities are lower. With the applied voltage dropping at the falling flank, the reverse gas voltage caused by accumulation charges becomes much higher than the external voltage, which results in the second discharge enhancing and at about 17 ns, the second discharge reaches the maximum. Because the charged particles generated by the first discharge does not lose completely, there exist high density charged particles (around 10 12 cm −1 ) in the gas gap before the second discharge begins, leading to the dropping of the breakdown voltage of the second discharge. Therefore, a sub-glow discharge structure, in which the cathode electric field is relatively low and the cathode sheath region is relatively wide, but the plasma column region has formed, can be observed at the beginning of the second discharge. As the discharge developing the cathode sheath region narrows gradually, and eventually the second discharge evolves into the normal glow mode, see the curve 6 in Fig. 3 . Fig.3 The distribution of the electric field, electron density and ion density along the gap axis in the second discharge at the moments of 1: 2003 ns, 2: 2083 ns, 3: 2085 ns, 4: 2088 ns, 5: 2098 ns, and 6: 2100 ns (the moment of current peak value). The needle electrode at z=2 mm is an instantaneous cathode 3.1.2 Influence of discharge parameters Fig. 4 describes the influence of the needle pin radius on discharge behaviors, where the current densities under different radii are compared. Other parameters are the same as those in Fig. 1 . It is clear that the smaller the radius of the needle pin, the stronger the first discharge, but there is no remarkable influence of the needle pin radius on the second discharge. This is because the second discharge is generated by the reverse electric field induced by accumulation charges. With the decrease of needle pin radius, the first discharge enhances resulting in accumulation charge density increasing and thus causing the reverse electric field to rise. However, since the external positive field also increases as the needle pin radius decreases, and therefore the total gas electric field only changes slightly, which leads to a less increase of the second discharge current density. Moreover, from Fig. 4 we can see that the smaller the radius of the needle pin, the earlier the first discharge, indicating that the discharge occurs more easily in the case of a small needle pin radius. Fig.4 The current density at different needle tip radii. The solid line is the current density and the dot line is the applied voltage
The influence of the voltage pulse width on discharge behaviors is also studied. Under simulation conditions, it is found that when the pulse width is smaller than a certain value (about 700 ns), the discharge current decreases obviously. Fig. 5(a) and (b) give the temporal evolution of discharge current densities under two pulse widths of 700 ns and 200 ns. Clearly, when the pulse width is decreased to 200 ns, the discharge has become very weak. Further study shows the discharge mechanism in the case of 200 ns is very different from the discharge in Fig. 1. Fig. 6 displays the spatial distribution charged particle densities and electric field at different moments under a pulsed width of 200 ns. We can see that both the first discharge and the second discharge occur in the vicinity of the needle electrode. During the first discharge, the space-charge effect is too small to affect the applied electric field and the Laplacian electric field plays a dominant role. The high electron density appears only near the tip of the needle electrode, meaning a corona discharge. In addition, the effects of the thickness of the dielectric layer, the relative permittivity, as well as the rising and falling times upon the discharge are also investigated. The results show that the shorter the rising and falling times, the earlier the first discharge occurs. The rise and falling times have less of an effect on the first discharge current, but influence greatly the second discharge. With the increase of falling time, the second discharge current declines obviously, and even when the falling time increases to a certain value, the second discharge would fail to form. Under a thicker dielectric layer or smaller permittivity, the time delay of the first discharge increases and the discharge becomes weak. However, the thicker dielectric layer only slightly influences the second discharge.
The discharge driven by negative pulse voltage
It is known that the needle-plate pulsed discharge has the polarity effect. The breakdown electric field in negative pulse discharge is much higher than that in positive pulse discharge [26, 27] . In this section the atmospheric-pressure pulsed DBD under the needleplate electrode driven by a negative pulse voltage is investigated. Fig. 7 shows the waveforms of the conduction current density and the applied pulse voltage in a negative pulse discharge. The negative pulsed voltage is applied to the needle electrode and the simulation parameters are chosen as follows: the rising and falling times of applied pulse voltage are both 50 ns, pulse duration is 2 µs, the pulse amplitude is 13.5 kV, and the repetition frequency is 10 kHz. Fig. 8 displays the distribution of electron density, ion density and the electric field along the gap axis at different moments of the first discharge. At the beginning stage of discharge, the Laplacian field dominates the field. There is a high-electric field region near the needle electrode resulting in the discharge occurring first in this region. Since the needle pin is a cathode, the generated electrons are swiftly pushed away from the pin cathode. Thus electron density near the needle pin is lower, whereas the ion density is relatively high, see curve 1. As time progresses, the space charge field becomes significant, and leads to the variation of the total electric field. The cathode electric field enhances gradually and the sheath region shrinks. At the same time, the electron and ion density peaks move toward the needle pin accompanied by the increasing of peak values. At the moment of the maximum current, a normal glow discharge structure can be observed clearly, see curve 7 in Fig. 8 . Fig.7 The current (solid line) and applied voltage (dot line) waveforms of negative pulsed DBD in needle-plane geometry Fig.8 The spatial distributions of electric field, electron and ion densities in the first discharge at the different moments of 1: 6 ns, 2: 40 ns, 3: 48 ns, 4: 50 ns, 5: 52 ns, 6: 59 ns (the moment of current peak), and 7: 80 ns. The needle anode is at z=2 mm It needs to be mentioned that, under our simulation conditions, for the negative pulse discharge, only when the amplitude of pulse voltage is over about 13 kV, can the discharge be excited, whereas in the case of a positive pulse, only 7.5 kV is needed. This is similar to the experimental result reported in Refs. [26] and [27] , i.e. the discharge under positive needle and negative plate electrode configuration takes place more easily. This is because when a positive pulse voltage is applied to the needle electrode, in the process of discharge propagation toward the cathode, the local field resulting from electron avalanche enhances the applied field, making the gas breakdown occur under a low applied field. However, in the case of negative pulse discharge, the space-charge field around the electron avalanche head will suppress the applied field, leading to the increase of gas breakdown voltage [28] . Further simulation results show that the evolution of the second discharge in Fig. 7 is similar to the second discharge in the positive pulse discharge in Fig. 3 . The discharge develops from a sub-glow discharge into a normal glow model.
The discharge driven by bipolar pulse voltage
Though bipolar pulse discharge involves the two types discharge discussed above, it is found under simulation conditions that due to the interaction between the positive and negative pulse discharges, the bipolar pulse discharge differs from positive unipolar pulse discharge, also from negative unipolar pulse discharge. Fig. 9 displays the waveforms of the conduction current density and the applied pulse voltage in a bipolar pulse discharge. In the simulation, the time interval between the positive pulse and the negative pulse is 2 µs, and other parameters are the same as in Fig. 1 . Examining the spatial distribution of electric field, electron and ion densities, we find that the two discharges occurring in the positive half cycle of applied voltage possess the same behaviors as the positive unipolar pulse discharge, see Figs. 2 and 3. However, the discharges taking place in the negative half cycle exhibit different characteristics. When driven by a bipolar pulse voltage, the negative pulse discharge can also be triggered at a low voltage amplitude. From Fig. 9 , we can see that the voltage amplitude is 8 kV, much lower than that in Fig. 7 . The reason for this is that before the negative pulse discharge is ignited, there have been a majority of electrons which have survived from the previous positive pulse discharge, just as shown in Fig. 10 where the electron density distribution at different moments of the first discharge in the negative half cycle of applied voltage is demonstrated. Clearly, at the very beginning of the discharge, electron density has approximated to 10 12 cm −3 , see curve 1 in Fig. 10 , about one order of magnitude higher than that in Fig. 8 . A high seed electron density will certainly result in the reduction of the breakdown voltage. Moreover, it can be seen from Fig. 10 that the discharge process of the first discharge in the negative half cycle is identical to that in the negative unipolar pulse discharge shown in Fig. 8 . Fig.9 The current (solid line) and applied voltage (dot line) waveforms of bipolar pulsed DBD in needle-plane geometry In bipolar pulse discharge, the interaction between the positive and negative pulse discharges depends on the waveform of the pulse voltage, the repetition frequency, etc. Keeping other parameters unchanged, increasing the time interval between the positive and negative pulse discharges will result in the decrease of negative discharge current, but hardly affect the positive discharge. This is because the interaction becomes weak with time interval increasing. If the time interval is long enough, the discharge in the negative cycle will have the same behavior as the negative unipolar pulse discharge. On the other hand, the negative pulse discharge can also affect the behaviors of the positive pulse discharge in the next voltage cycle when the time interval between them is small enough.
Conclusion
Based on a one-dimensional self-consistent fluid model, the discharge behaviors along the gap axis of the needle-plate pulsed DBD have been studied. The results show that, under simulation conditions, when the discharge is driven by a positive-pulse voltage, the two discharges occurring in the rising edge and falling edge of the voltage pulse exhibit different evolution characteristics. The first discharge develops from a corona discharge into a normal glow discharge, whereas the second discharge evolves from a sub-glow discharge into a normal glow discharge. In the case of the negative pulse discharge, the discharge mainly occurs in the vicinity of the needle electrode and the breakdown voltage is much higher than that of a positive pulse discharge. When the DBD is driven by a bipolar pulse voltage, there exists the interaction between the positive and negative pulses, resulting in the decrease of the breakdown field of negative pulse DBD and causing the change of discharge behaviors. The discharge behaviors of the needle-plate pulsed DBD depend on the discharge parameters, and the effects of the discharge parameters on the two discharges appearing at the rising and the falling phases of the voltage pulse could be different.
